Abstract-Besides having perfect control on structural features, such as vertical alignment and uniform distribution by fabricating the wires via e-beam lithography and etching process, we also investigated the THz emission from these fabricated nanowires when they are applied DC bias voltage. To be able to apply a voltage bias, an interdigitated gold (Au) electrode was patterned on the high-quality InGaAs epilayer grown on InP substrate by molecular beam epitaxy. Afterwards, perfect vertically aligned and uniformly distributed nanowires were fabricated in between the electrodes of this interdigitated pattern so that we could apply voltage bias to improve the THz emission. As a result, we achieved enhancement in the emitted THz radiation by ∼four times, about 12 dB increase in power ratio at 0.25 THz with a DC biased electric field compared with unbiased NWs.
I. INTRODUCTION

I
T HAS been well known for more than two decades that terahertz (THz) waves can be generated from semiconductor surfaces when excited by femtosecond optical pulses with an oblique angle [1] - [6] . As the dimension of the material changes from 3D bulk to an array of 1D nanostructures such as nanowires (NWs), under the same ultrafast laser spot size, the total effective surface area drastically increases resulting in a higher absorption that will play an essential role for enhanced THz emission intensity, which makes one-dimensional nanostructures attractive to generate high power THz radiation. In addition, intrinsic carrier lifetime can be modified in nanowires especially with increased surface states, which can have additional freedom by removing the defect engineering like in low temperature grown GaAs. [7] Accordingly, there have been a number of reports that present THz emission from various types of nanostructures and materials, including some of which indicate an increased efficiency in THz emission from one-dimensional nanostructures [8] - [23] . One of these reports studied the THz emission as a function of the wire length, which induces the idea of having an array of NWs where all the wires have a desired fixed length for a more efficient THz emission [8] . Another report shows that THz radiation intensity is strongly dependent on the uniformity of the NW's diameter and distribution, which suggests the idea of having a uniformly distributed NWs array with fixed diameter and pitch would be significantly important [9] . Also, the relation between efficiency of THz emission and vertical alignment of the NWs was studied which implies that having an array of NWs with excellent vertical alignment is very crucial for an efficient THz emission [10] . Most of the NW samples studied for THz generation, however, were prepared by bottomup growth processes, such as vapor phase epitaxy (VPE) and chemical vapor deposition (CVD) in growth mode with metal catalysis, which limits the control of various required parameters discussed above. Such bottom-up processing, even though they have been improved in controlling NW growth by some techniques, is still lacking of full control on structural geometry of the wires, i.e., aspect ratio, vertical alignment, and uniform distribution. Since these structural features play a crucial role on the efficiency of THz emission, we propose a top-down processing approach, fabricating the NWs using e-beam lithography and etching by which we can achieve excellent vertical alignment and perfectly uniform distribution of the NWs. In addition to enhancement of THz emission from NWs with the perfect structural geometry control, here we also report 4x improvement of the THz emission at 0.25 THz further, which is about 12 dB increases in power ratio by applying a DC bias field across fabricated nanowires. DC bias field can contribute to the acceleration of photo-carriers induced by the excitation laser pulse. This is only possible with fabrication that utilizes patterning of structures with e-beam lithography. In order to apply a DC voltage bias to the fabricated NWs, we designed and fabricated interdigitated electrodes patterns with various spaces where the NWs are fabricated in between. We report, to the best Fig. 1 . Experimental set-up used for generation of THz pulses from the fabricated NW samples. A mode-locked 790nm Ti:Sapphire ultrafast laser with a pulse width of 120 fs was used for both pump and probe beams.
of our knowledge, the very first demonstration of THz emission from biased vertically aligned semiconductor nanowires.
II. EXPERIMENTAL THZ GENERATION SETUP
The THz emission spectroscopy used to generate and detect THz radiation from the fabricated NWs is depicted in Fig. 1 . The experiment was conducted by using a mode-locked Ti:Sapphire ultrafast laser at a wavelength of 790 nm. This laser provides 120 fs pulses with a repetition rate of 76 MHz, which was split into two for emission and detection purposes. The laser pulse on the emission path is modulated through a chopper, whose frequency (2.4 kHz) is used as reference for lock-in detection, and then it is focused on the NW samples to generate THz pulses. NWs samples were mounted to have an incident angle of 45 degree of infrared laser pulse, which shows highest intensity of THz pulse after testing different angles. The emitted THz pulses are collimated with a 90 o off-axis parabolic mirror and focused on a photoconductive antenna (PCA) with another 90 o off-axis parabolic mirror. In order to obtain a full spectrum, the ultrafast laser pulse split for detection path travels through a motorized delay stage, and it is focused on the PCA detector. In addition, a half-wave plate and a beam splitter pair was added on the pump beam path (emission path) so that we could run THz generation measurements with varying pump beam power to observe the dependency of radiated THz pulses on the excitation power. Since a PCA detector has the best performance with the 790 nm laser, we chose to use the same wavelength for generation from NWs, even though InGaAs NWs can be pumped with 1.5 μm laser.
III. THZ EMISSION FROM UNBIASED NANOWIRES
The samples discussed here are fabricated at the state-of-theart cleanroom user facility in the Center for Nanoscale Materials at Argonne National Laboratory. For InP, we used high quality undoped substrates obtained from the manufacturer. For InGaAs, high quality lattice matched 1.2 μm thickness of InGaAs epilayer (In composition of 53%) was grown on InP substrates by Molecular Beam Epitaxy. The fabrication process began with bare wafers (either InP or InGaAs) for unbiased NWs. A thin SiO 2 adhesion layer was deposited on the wafers by PECVD followed by spin coating of a negative resist HSQ (hydrogen silsesquioxane). E-beam lithography was used to write the pattern of the NWs on the wafers. Various pitch sizes were attempted to increase and decrease the NWs densities, but limited the variety acquired due to required time of the e-beam writing. The best results have been obtained for 1 μm, 1.5 μm and 2 μm pitches for InP and 2 μm pitches for InGaAs. Through a plasma etching process and removal of the resist by HF (hydrofluoric acid), we could achieve perfectly aligned InP and InGaAs NWs, which were distributed exquisitely uniform along the wafer with a fixed pitch length on both x and y axes as shown in the SEM (scanning electron microscopy) of Fig. 2 
(a)-(c).
Time-domain signal of THz waves and the signal intensity generated from fabricated InP NWs with pitch sizes of 1.0 μm, 1.5 μm, and 2.0 μm and InGaAs NWs with 2.0 μm pitch size are compared in terms of surface areas obtained as shown in Fig. 2 the pump beam is to be absorbed. Hence, THz emission gets weaker when pitch increases as it is observed in case of InP NWs samples in Fig. 2 (e). However, THz wave radiation from InGaAs NWs was stronger than that of InP NWs even though nanowire density and total surface area were smaller. This result can be explained by the higher carrier concentration and greater electron mobility of InGaAs, 6.3 × 10 11 cm −3 and 12000
7 cm −3 and 5400 cm 2 V −1 s −1 , and hence InGaAs NWs is better suited for THz sources compared to InP considering the enhanced efficiency of about 2.5 times achieved with same excitation power.
In order to study the excitation power dependence of THz emission from InGaAs NWs, the power of pump beam exciting the InGaAs NWs with 2.0 μm pitch size was linearly increased while dependence of THz radiation was observed as shown in Fig. 3(a) . It can be seen that the radiated THz field from the fabricated InGaAs NWs increases with the increasing pump power, but the increment gets smaller when we escalate the pump power. This result can be observed more clearly when we look at the peak-to-peak THz field amplitude with varying pumping power for InGaAs 2.0 μm in Fig. 3(c) , which states that THz emission saturates even though the excitation power kept increasing. This saturated profile is attributed to the penetration depth of 790 nm light into InGaAs, which is δ 790 nm =∼ 200 nm [24] . The absorption of the infrared (IR) laser pulse by the InGaAs NWs with the diameter of 100 nm saturates while excitation power increases due to the penetration depth which results in a saturated profile of the emitted THz pulse from these NWs. In addition, we observed THz emission pulse width of about 4 ps (1ps of FWHM of the main pulse) from the THz emission spectrum, which is significantly shortened in pulse width compared to the one generally obtained from commercial PCAs based on InGaAs bulk materials and other reported values [25] . THz spectral amplitude in frequency domain is plotted in Fig. 3(b) for 300 mW pump power as an example. This clearly confirms the broadening in bandwidth which is well above 1.0 THz compared to the bandwidth of less than 1.0 THz from the most commercially available InGaAs based PCAs. It is evident that NWs can modify the carrier lifetime especially with different surface states, since the THz generation mechanism is strongly correlated with surface states.
To achieve an improvement in the enhanced THz emission, we optimized the InGaAs NW fabrication process to increase the density and enlarge the diameter. Writing the NW pattern on the substrates by e-beam lithography is essential for submicron processing and economical since it does not require new photomasks to be made for each corrected layout at the development stage. However, there are limitations in achieving high resolution in dense patterns. The resolution in e-beam lithography is mainly limited by the proximity effect, which is caused by the scattering of the electrons in resist and the substrate [26] . When an area is exposed by the incident beam, the nearby areas may also be affected by this exposure due to the scattering. This phenomenon limits the minimum feasible pitch size, hence the NW density, with respect to the resist thickness required for the desired etch depth of the underlying material. In addition, to pattern a large array in reasonable writing time, relatively high currents are used which increases the proximity effects. The possible range of the length of NWs is dependent on the achievable aspect ratio. Aspect ratio is limited by the plasma etching process, structural properties of the semiconductor material, and resist thickness. Increasing the resist thickness could potentially improve the aspect ratio during etching resulting in longer wires; however, it would also increase the proximity effect during e-beam lithography resulting in low resolution in dense patterns which means the wire density would have to be decreased. After long trials, we have achieved a decrease in the pitch size of the NWs array from 2.0 μm to 600 nm with a diameter of 300 nm. This decrease in pitch size clearly increased the total effective surface area resulting in a significant enhancement in THz emission with increasing pump power as can be seen in Fig. 3(c) . In this case, since the diameter of the NWs was chosen to be reasonably larger than δ 790 nm , saturation in pump power dependence was not observed and emission values reach 5 times increase of THz emission at 500 mW.
IV. THZ EMISSION FROM BIASED NANOWIRES
Besides the enhancement of THz emission due to the control on structural geometry such as excellent vertical alignment and perfectly uniform distribution, we suggest further enhancement by applying a DC bias field to the NWs which would potentially improve the acceleration of the photo-induced carriers upon illumination by the laser pulse. The InGaAs epilayer used for biased NWs is same as the one used for unbiased NWs. In order to be able to apply bias voltage to the NWs, prior to the fabrication of NWs, an interdigitated electrodes pattern was designed and deposited with a 5 nm Ti adhesion layer followed by 90 nm of Au layer on the InGaAs epilayer. The total active area where NWs being fabricated was 4 mm × 4 mm. Each electrode has a width of 20 μm and is separated by 50 μm from each other. Fabrication process of NWs in between the electrodes is depicted step by step in Fig. 4 . The fabrication process begins with the InGaAs layer on which the interdigitated electrodes are fabricated. Then, a SiO 2 adhesion layer was deposited by PECVD followed by spin coating of resist for e-beam lithography. Due to the large area of the electrode pattern, the total area where protection from etching was required increased significantly. In this case, for negative tone resist, e-beam exposure area and time required would be impractical. For this reason, positive tone resist was used this time, where e-beam lithography was utilized to expose only the area around the wires, which is the area to be etched. The NWs pattern written by e-beam lithography had the dimensions optimized for the unbiased NWs; i.e., a pitch size of 600 nm and a diameter of 300 nm. Through SiO 2 etching, the pattern was transferred to the SiO 2 hard masking layer followed by InGaAs etching resulting in perfect vertically aligned and uniformly distributed NWs in between the interdigitated electrodes.
The diagram of interdigitated electrodes and NWs in Fig. 5 show a very simplified depiction of the structure. It should be noted that the actual device has greater number of electrodes and NWs as it can be seen in enlarged SEM images of the electrodes and closer SEM images of fabricated NWs in Fig. 5 . In order to assemble a complete device with a convenient electrical interface for the voltage bias, a printed circuit board (PCB) was designed and wire-bonding was utilized between the PCB and the interdigitated pattern as it can be seen in Fig. 5 .
Utilizing the same THz emission spectroscopy setup in Fig. 1 , while applying a DC voltage bias at the same time, various characterization of THz emission from InGaAs NWs fabricated in between the interdigitated electrodes were performed. The time domain amplitudes (peak to peak) of the THz emission were compared for increased bias voltages of pump power from 100 mW to 500 mW as shown in Fig. 6(a) .
It is clear that a maximum enhancement of ∼ 4x was successfully achieved compared to the 0 V case by applying voltage bias. Fig. 6(b) compares the THz emission intensity changes with different pump power under varied bias voltages. THz emission increased almost linearly under all bias voltages when the device was excited with pump power up to 300∼400 mW, which suggests that the dominant emission mechanism was the photo-Dember effect [27] . Interestingly at low power regime (below 100 mW), the bias voltage seems to be ineffective to increase the THz emission accordingly. It clearly shows, however, bias dependences with about 200 mW excitation and above, and it increases linearly. When pump power increases further, i.e. beyond 400 mW, the THz emission amplitude does not increase at equal rate and behaves nonlinearly with increasing voltages and even decreases.
A saturation occurs at a specific region. At higher excitation powers and bias voltages, back-scattering occurs due to the excessive photogenerated carriers which causes a saturation in emission of THz pulses.
In order to investigate the improvement of THz emission as a function of frequency, THz spectral amplitudes in frequency domain are compared for various bias voltages at a fixed pump power. Fig. 7 shows the spectral amplitude of THz time-domain waveform emitted with 300 mW pump power and varied DC bias voltages from unbiased state to 8 V. It is clear that bandwidth is fairly around 1.5 THz which is still broader than about 1.0 THz bandwidth of most of the InGaAs based commercial PCAs. Nevertheless, the bias voltage clearly increases the spectral amplitude. The improvement is strongest at lower frequencies. Strictly speaking, the spectral amplitude is enhanced by ∼4 times, which is equivalent to 12 dB increases in power ratio at 0.25 THz.
For further analysis, the total current through the device was obtained while increasing the bias voltage under the illumination of different pump powers including 0 mW (dark current), as shown in Fig. 8(a) . By subtracting the dark current, the 'scattered' plots in Fig. 8(b) was obtained, which is directly proportional with photo generated carriers due to the absorption of the pump laser pulses. The 'line' plots on Fig. 8(b) are the peak-to-peak amplitude profiles from Fig. 6(a) .
It shows that the measured THz emission amplitude intensity in peak-to-peak versus different bias voltage and excitation power behaves very similarly to the difference of the current measured and calculated, where it is in good agreement with photo generated carriers induced. Increment of the emission is more rapid for higher pump powers under relatively low bias voltage conditions. Then saturation occurs due to the great number of free carrier generation.
It is interesting to compare device performance of biased NWs with a commercial PCA in order to understand the merit of NWs based THz emitter. To do that, we plot peak-to-peak THz signal amplitude with different bias voltage and added the peak-to-peak THz signal amplitude from commercially available InGaAs PCAs with its maximum performance, 10 mW excitation power and 3 V bias voltage as shown in Fig. 9 . We compared the THz signal in terms of the power densities of excitation power instead of absolute power values, mainly because of difference in the beam spot sizes. The focused beam spot on our device has a large elliptic shape (2 mm × 4 mm) without any further restrains, while it is required to have an excitation laser beam tightly focused between the gap of antenna in the range of 5-10 μm for the commercial PCA. Taking this information into account, the pump powers for our device 100 mW-500 mW becomes power density values in the range of 1.59 W/cm 2 − 7.96 W/cm 2 , while the power density for a commercial PCA becomes ∼ 3183 W/ cm 2 with an average pump power of 10 mW. The peak-to-peak THz amplitude for a commercial InGaAs PCA is about ∼0.125 mV when it is biased at 3 V and excited with 3183 W/ cm 2 . On the other hand, our device yields almost ∼4 times the amplitude of the commercial PCA when it is operating at 3 V, but excited with only ∼ 8 W/ cm 2 , which makes our design a very efficient THz emitter device. By being free from the antenna, the coupling of the laser beam can be much more simplified in our device scheme, which can be an additional advantage of the nanowires based THz emission, in addition to free from the limitation of excitation power which is required for conventional PCAs due to the breakdown.
V. CONCLUSION
In summary, we suggested a top-down processing method which gives perfect control on vertical alignment and the uniform distribution of the emitter NWs. Furthermore, we have designed an interdigitated electrodes pattern with fabricated NWs in between them and have conducted the very first demonstration of biased THz emission from semiconductor NWs fabricated by e-beam lithography and etching process. The results show a highly efficient emitter where we have achieved enhancement of the emission by ∼4 times at 0.25 THz, which is equivalent to 12 dB increases in power ratio with a comparable bias voltage but with ∼400x less power density compared to commercial PCAs. His research interests include the synthesis and characterization of semiconductor materials (III-V, II-VI, nanowire, and 2D TMDCs), alongside the development of photonic, RF/microwave, and hybrid devices based on them for applications such as sensing, imaging, illumination, energy harvesting, and radiation hard electronics. His research interests also include advanced nanoscale characterization techniques such as atom probe tomography of semiconductors. He has authored 89 articles. He is a member of the SPIE, APS, AVS, and has been inducted into the National Academy of Inventors.
